Exposure to asbestos fibers increases the risk of development of mesotheliomas and lung carcinomas, but not fibrosarcomas. We present data suggesting that resistance of fibroblasts to asbestos-induced carcinogenesis is likely to be connected with their lower ability to generate reactive oxygen species (ROS) in response to asbestos exposure and stricter control of proliferation of cells bearing asbestos/ROS-induced injuries. In fact, chrysotile (Mg 6 Si 4 O 10 (OH) 8 ) asbestos exposure (5-10 lg/cm 2 ) increased intracellular ROS and 8-oxo-guanine contents in rat pleural mesothelial cells, but not in lung fibroblasts. Simultaneously, moderate dosages of chrysotile and other agents increasing ROS levels (hydrogen peroxide, H 2 O 2 and ethyl-methanesulfonate, EMS) inhibited cell cycle progression, in particular G1-to-S transition, in fibroblasts, but not in mesothelial cells. The arrested fibroblasts underwent cell death, while the majority of chrysotile-treated mesothelial cells survived. The differences in cell cycle response to asbestos/ROS-induced injuries correlated with distinct activity of p53-p21
Introduction
Asbestos, a group of natural hydrated silicates, is considered as a complete carcinogen, which is able to cause malignant transformation. Occupational exposure to asbestos increases the risk of development of mesotheliomas and lung cancers (Barrett, 1994; Mossman et al., 1996; Muhle and Pott, 2000) . It was proposed that carcinogenic effects of asbestos are determined both by direct interaction of target cells with asbestos fibers and by generation, in response to asbestos, of an inflammatory environment containing strong proliferative signals as well as reactive oxygen species (ROS) causing various gene mutations (reviewed by Kamp et al., 1992; Brody, 1993; Barrett, 1994; Mossman et al., 1996; Pass and Mew, 1996; Jaurand, 1997; Manning et al., 2002; Shukla et al., 2003) .
Surprisingly, prolonged exposure to asbestos does not increase the frequency of fibrosarcomas either in humans or in experimental animals (Vasilieva et al., 1998; Muhle and Pott, 2000; Pylev et al., 2002; Neuberger and Vutuc, 2003) . Possible explanations of this phenomenon include: (i) differences in production of ROS and/or DNA modifications in various cell types exposed to asbestos and (ii) unequal activity of cell cycle checkpoints preventing propagation of abnormal cells with asbestos/ROS-induced genomic alterations in cells of different origin. To address the first issue, we studied ROS generation and DNA oxidation in cultured nontransformed mesothelial cells and fibroblasts exposed to chrysotile (Mg 6 Si 4 O 10 (OH) 8 ), the most common and economically important asbestos. To compare the function of cell cycle checkpoints in these two cell types, we analysed the changes in the activity of p53-p21
Cip1/Waf1 pathway and cell cycle progression after application of chrysotile or an increase in ROS levels caused by treatment with hydrogen peroxide (H 2 O 2 ) or alkylating agent ethyl-methanesulfonate (EMS). The results of these experiments allowed us to reveal significant differences in the behavior of chrysotile/ ROS-treated mesothelial cells and fibroblasts, which can underlie the cell-specific pattern of carcinogenic effects of asbestos.
Results and discussion
Mesothelial cells differ from fibroblasts in chrysotileinduced increase of intracellular ROS levels and oxidized DNA content
The effects of exposure to Canadian chrysotile B asbestos fibers on ROS generation in rat pleural mesothelial cells and rat lung fibroblasts were studied using the 2 0 -7 0 dichlorodihydrofluorescein diacetate (DCF-DA), a fluorescent marker of cellular oxidant production (within the cell, esterases cleave the acetate groups on DCF-DA, and the resulting reduced probe DCFH is oxidized by ROS, yielding the fluorescent product DCF) (Royall and Ischiropoulos, 1993) . In cultures of mesothelial cells, the treatment with chrysotile (5-10 mg/cm 2 for 4-6 h) dramatically increased cell heterogeneity in DCF fluorescence (Figure 1 ). The fluorescence of the majority of mesothelial cells significantly increased (5-10-fold) while a notable portion of cells (30-40%), in contrast, showed a reduction in DCF fluorescence (Figure 1a ). This decrease is probably connected with the damaging effect of chrysotile fibers on the integrity of cell membranes and leaking of the fluorochrome from some cells rather than with a reduction of ROS levels in those cells. Indeed, in about 50% of mesothelial cells, treatment with chrysotile reduced the fluorescence of fluorescein diacetate (F-DA), a structural analog of DCF-DA, whose fluorescence does not depend on intracellular ROS levels ( Figure 1b) . On the other hand, exposure to asbestos fibers caused no increase of F-DA fluorescence even in a small portion of cells. Evidently, the asbestos-induced increase of DCF-DA fluorescence in mesothelial cells is, in fact, due to an increase of ROS levels in those cells.
Unlike mesothelial cells, lung fibroblasts did not respond to chrysotile exposure by generation of the fluorescent DCF form: in almost all cells we observed reduced fluorescence intensity. At the same time, treatment with H 2 O 2 or alkylating agent EMS increased intracellular ROS levels and DCF fluorescence both in mesothelial cells and fibroblasts ( Figure 1c ). It is worth noting, however, that the levels of intracellular ROS in mesothelial cells were about twofold higher than in fibroblasts both before and after treatment with H 2 O 2 or EMS. Thus, it cannot be excluded that fibroblasts differ from mesothelial cells not only in the ability to generate ROS in response to asbestos exposure but also in the ability to detoxify generated ROS.
It is well established that ROS can attack DNA to produce oxidized bases such as 8-oxo-guanine, which can be mutagenic (reviewed by Marnett, 2000) . We decided to determine whether different levels of intracellular ROS in chrysotile-exposed fibroblasts and mesothelial cells can underlie unequal sensitivity of these two cell types to genotoxic/mutagenic effects of asbestos fibers. For this purpose, we analysed the content of 8-oxo-guanine in individual cells after treatment of cell cultures with increasing dosages of chrysotile. In mesothelial cells, treatment with chrysotile caused dose-dependent increase in the level of oxidized DNA, while in fibroblasts the analogous treatments did not change the content of 8-oxo-guanine (Figure 2 ). This observation being in agreement with significant difference in intracellular ROS levels in mesothelial cells and fibroblasts after their exposure to asbestos fibers strongly supports the idea that mesothelial cells possess increased sensitivity to asbestos-induced mutagenesis as compared with fibroblasts.
Cell proliferation reactions in response to asbestos and/or ROS exposure
The mutagenicity and biological consequences of DNAdamaging insults are dependent on the efficacy of functioning of cell cycle checkpoints preventing propagation of abnormal cells. We compared how exposure to asbestos fibers and/or ROS affects cell cycle progression and propagation of mesothelial cells and fibroblasts. In cultures of fibroblasts, chrysotile exposure (5-10 mg/cm 2 , 24 h) caused a significant decrease in the proportion . Neither FACScan analysis nor Hoechst staining showed significant increase in the number of apoptotic cells, that is, in the sub-G1 fraction and apoptotic nuclei, respectively ( Figure 4c ). Thus, it seems likely that asbestos-exposed fibroblasts die mainly by necrosis rather than apoptosis. It should be noted that the chrysotile-induced cell cycle arrest/cell death was probably caused by both ROS-induced injuries and other asbestos-induced abnormalities (mechanical disintegration of plasma membrane, mitotic spindle and other organelles; reviewed by Brody, 1993; Jaurand, 1997; Manning et al., 2002) because treatment with the antioxidant N-acetyl-L-cysteine (NAC, 5 mM 24-72 h) diminished (20-30%) but did not abrogate the chrysotile-induced decrease in the number of viable fibroblasts (data not shown).
The chrysotile-treated mesothelial cell cultures showed no significant inhibition of cell propagation. Moreover, treatment with 5 mg/cm 2 of chrysotile-stimulated mesothelial cell proliferation and, in spite of some increase in the number of dead cells (up to 15% including 3-5% of apoptotic cells), it was accompanied by augmentation of the numbers of cycling and viable cells (Figures 3 and 4) . The treatment with a higher dosage of chrysotile (10 mg/cm 2 ) caused slight inhibition of mesothelial cell proliferation resembling that observed earlier in the cultures of mesothelial cells treated with two other types of asbestos fibers, Rhodesian chrysotile and crocidolite (Levresse et al., 1997 (Levresse et al., , 1998 . It should be noted, however, that these authors reported no stimulation of cell proliferation at lower asbestos dosage (5 mg/cm 2 ). This discrepancy between two studies may reflect either the differences between various types of asbestos fibers (Rhodesian and Canadian B chrysotiles, in particular) or the differences in confluence of tested cell cultures (Levresse et al. used the cell cultures showing a significant decrease in the number of cycling cells on the second day of incubation) or in the method of asbestos suspension preparation affecting its working dosage/effects (unlike us Levresse et al. have sonicated the asbestos fibers).
The growth stimulation of mesothelial cells upon treatment with 5 mg/cm 2 of Canadian chrysotile B fibers was probably caused by an asbestos-induced increase in ROS content because treatment with moderate dosages of H 2 O 2 (75 mM) or EMS (0.5 mg/ml) that was accompanied by an enhancement of intracellular ROS levels ( Figure 1c ) also increased the number of cycling cells as well as total cell number in the cultures of mesothelial cells, but not fibroblasts (Figures 3c, d and 5). Higher dosages of H 2 O 2 and EMS arrested the growth of both cell types. On the other hand, treatment with doxorubicin, an anthracycline antibiotic, which is believed to cause DNA damage mainly via interstrand DNA crosslinking and inhibition of topoisomerase II (reviewed by Skladanowski and Konopa, 1994; Richardson and Johnson, 1997; Luce and Hopkins, 2001) , caused similar inhibition of proliferation of fibroblasts and mesothelial cells (Figures 3e and 5) . It is worth noting that such an inhibition was observed at doxorubicin concentrations that did not cause a notable increase in the intracellular ROS levels (0.25-0.5 mg/ml; Figure 1c ). Thus, mesothelial cells and fibroblasts show differential pattern of cell proliferation reactions specifically in response to asbestos and ROS exposure rather than to all DNA-damaging insults. At least in part, the revealed differences between mesothelial cells and fibroblasts are due to distinct regulation of G1 cell cycle checkpoint in these cell types. Using cell cultures synchronized in G0/G1, we have found that exposure to 2.5-10.0 mg/cm 2 of chrysotile strongly inhibited the ability of fibroblasts to incorporate 5-bromo-deoxy-uridine (5-BrdU), that is, to exit G1 and enter S phase (Figure 6 ). The analogous cultures of chrysotile-treated mesothelial cells showed no arrest of G1-to-S transition ( Figure 6 ) that coincides with the previously published results showing no difference in G0/G1 cell fraction content between control and chrysotile-treated rat mesothelial cell cultures (Levresse et al., 1998) . Moreover, after treatment with 5 mg/cm 2 of chrysotile, we observed some increase in the number of cells entering S phase (Figure 6 ).
G1 arrest in response to various DNA-damaging insults as well as many other stresses is induced by the activation of p53 tumor suppressor and its transcriptional target waf1 gene coding for p21
Cip1/Waf1 protein, an inhibitor of cyclin-dependent kinase Cdk2, a key regulator of the G1-to-S transition (reviewed by Ko and Prives, 1996; Amundson et al., 1998; El-Deiry, 1998; Prives and Hall, 1999) . We compared how the exposure to chrysotile fibers (5 mg/cm 2 ), H 2 O 2 (75 mM), EMS 
G1-to-S Transition
Fibroblasts 5.0 Figure 6 Influence of various chrysotile concentrations on the G1-to-S transition in synchronized cultures of mesothelial cells and fibroblasts. Cells were synchronized in G0/G1 by incubation in a serum-free medium. Their ability to enter the S phase was determined by 5-BrdU incorporation as described in Materials and methods. The relative numbers of 5-BrdU-labeled cells in chrysotile-exposed cell cultures were estimated as described in the legend to Figure 3 
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Days with 5µg/cm 2 chrysotile (0.5 mg/ml) and doxorubicin (0.5 mg/ml) dose affects the levels of p53 and p21
Cip1/Waf1 proteins in fibroblasts and mesothelial cells (Figure 7a ). It was found that exposure to all these agents increased p53 content in both cell types. Evidently, the accumulation of p53 was accompanied by its functional activation because in all cases we observed an increase in the content of Mdm2 protein (Figure 7a ) whose gene is trans-activated by p53 (reviewed by Ko and Prives, 1996; El-Deiry, 1998; Prives and Hall, 1999; Michael and Oren, 2003) . All treated cultures of lung fibroblasts showed an increase in the content of p21
Cip1/Waf1 along with Mdm2 upregulation. Unlike fibroblasts, in mesothelial cells exposed to moderate dosages of chrysotile fibers, H 2 O 2 or EMS, the p53 overexpression was not accompanied by significant increase in the content of p21
Cip1/Waf1 , while doxorubicin treatment increased the level of this protein (Figure 7a) . Using Northern analysis, we have found that the absence of p21
Cip1/Waf1 induction in mesothelial cells showing an increase in p53 content due to treatment either with chrysotile or with H 2 O 2 was connected with the lack of waf1 mRNA upregulation (Figure 7b) . Evidently, the revealed difference in p21
Cip1/Waf1 regulation between mesothelial cells and fibroblasts can explain the differences in cell cycle reactions of the two cell types in response to treatment with moderate dosages of asbestos fibers, H 2 O 2 and EMS, that is, G1 arrest in fibroblasts and continuation of proliferation of mesothelial cells. It should be noted however that after prolonged treatment with the higher dosages of asbestos (10-20 mg/cm 2 , 2-3 days), which was accompanied by some inhibition of mesothelial cells proliferation, similar to Levresse et al. (1997) , we observed some increase in p21
Cip1/Waf1 content (data not shown). The mechanisms underlying inefficient functioning of p53-p21
Cip1/Waf1 pathway in mesothelial cells with increased ROS levels remain to be established. It is noteworthy that an unequal ability of 'stressed' p53 to upregulate the expression of definite target genes (waf1, Puma, Noxa, bax, etc.) in different cell types was reported earlier (Bouvard et al., 2000; Fei et al., 2002; Burns and El-Deiry, 2003; and others) . In particular, in irradiated mice, the spleen, thymus and kidney tissues showed significantly higher rates of p53-dependent waf1 mRNA upregulation as compared with the heart, lung, liver and brain tissues (Bouvard et al., 2000) . Possible explanations of this finding as well as of that observed in the present study unequal activity of p53-waf1 pathway in asbestos-treated fibroblasts and mesothelial cells include cell-type-dependent differences in ability of various 'stressed' p53 forms to activate the synthesis of waf1 mRNA, distinctions in waf1 mRNA stability in different cell contexts, etc. These possibilities should be addressed in further studies.
Concluding remarks
Taken together, our results indicate for the first time that in pleural mesothelial cells, biological consequences of asbestos exposure differ significantly from those in lung fibroblasts. The former, but not the latter, show an increase in intracellular ROS content and DNA oxidation, which can result in gene mutations. In spite of these and other asbestos-induced injuries (mechanical disintegration of plasma membrane, mitotic spindle, etc.; Brody, 1993; Jaurand, 1997; Manning et al., 2002) , mesothelial cells do not stop cell cycle progression due to the absence of p21
Cip1/Waf1 protein upregulation. Probably, the only barrier to their effective proliferation is cell death is mainly via necrosis. However, this protective mechanism evidently eliminates only a part of the abnormal cells. Indeed, the cultures of mesothelial cells exposed for 5 days to mutagenic dosage of chrysotile (5 mg/cm 2 ) showed some increase rather than a decrease in cell number. It seems likely that some proliferating mesothelial cell clones bearing asbestos/ ROS-induced oncogenic mutations provide the selection material for further tumor development.
The lung fibroblasts exposed to asbestos fibers show significantly lower levels of intracellular ROS and ROSinduced DNA modifications as compared with mesothelial cells. Nevertheless, probably due to their increased sensitivity to DNA damage and/or to other asbestosinduced injuries the asbestos-exposed fibroblasts show activation of p53-p21 Cip1/Waf1 pathway followed by G1 cell cycle arrest. In addition, the injured fibroblasts are eliminated by both necrosis and apoptosis. As a result, the further proliferation of potentially dangerous cells can be effectively prevented. This can provide at least one explanation as to why in asbestos-exposed humans and experimental animals the risk of development of mesotheliomas is significantly higher than the risk of development of fibrosarcomas.
Materials and methods

Cell cultures
Rat pleural mesothelial cells and lung fibroblasts were isolated from Wistar rats using previously described methods (Jaurand et al., 1981; Kravchenko et al., 1998 Kravchenko et al., , 2001 Torday et al., 2001) . Briefly, for the development of mesothelial cell cultures isolated parietal pleura was treated with collagenase, the disaggregated cells were washed and placed into the 96-well plates (Nunc) containing Ham F12 medium (GibCo) supplemented with 10% fetal calf serum (FCS, HyClone). When confluence was reached, cells from the wells containing only polygonal cells without fibroblasts were chosen for the further propagation. Almost all cells in developed cell cultures showed ), H 2 O 2 (75 mM), EMS (0.5 mg/ml) and doxorubicin (DXR, 0.5 mg/ml) for 24 h on the levels of p53, Mdm2 and p21
Cip1/Waf1 proteins (a) and waf1 mRNA (b). Western and Northern analyses were performed as described in Materials and methods simultaneous expression of cytokeratins and vimentin after immunohistochemical staining, which confirmed their mesothelial origin. To obtain the cultures of fibroblasts, the lungs of young rats were placed into 0.25% trypsin solution and dissociated mechanically using a Teflon stirring bar for 20 min. The unicellular suspension was washed and resuspended in DMEM (GibCo) with 10% FCS. The cell suspension was added to T-75 flasks for 45 min to allow preferential adherence of fibroblasts. Based on vimentin-positive staining and morphological criteria, the cultures contained more than 97% of fibroblastoid cells.
Developed cell cultures at passages 3-7 in vitro were exposed to Canadian chrysotile B (obtained from the Union Internationale Contre le Cancer, UICC), NAC (Sigma), H 2 O 2 , EMS or doxorubicin (all obtained from MP Biomedicals).
ROS measurements
The cells incubated with DCF-DA (Molecular Probes, 5 mg/ml for 30 min) were washed with PBS, trypsinized, collected in 1 ml of PBS, transferred to polystyrene tubes with cell-strainer caps (Falcon) and subjected to FACS (Beckton Dickinson FACScan) using Cell Quest 3.2 (Beckton Dickinson) software for acquisition and analysis. To control dye accumulation in different cell types, the cells were incubated with F-DA (Sigma, 5 mg/ml for 30 min), a structural analog of DCF-DA showing ROS-independent fluorescence.
DNA oxidation
DNA oxidation was assessed by measuring of 8-oxo-guanine content using the Biotrin Kit technique (BI081DNA) based on the analysis of 8-oxo-guanine binding to specific antibody. A total of 10 6 cells were harvested and prepared for FACS analysis according to Biotrin OxyDNA Assay protocol.
Cell proliferation analysis
The changes in the cell numbers were determined by cell count in a hemacytometer. The detection of viable cells was performed by the standard MTT test. For this purpose, the 3-(4,5-dimethyldiazol-2-yl)-2,5 diphenyl tetrazolium bromide (Sigma, 0.5 mg/ml) was added to the culture medium for 4 h. Then, the medium was carefully removed, the cells were lysed in DMSO during 30 min at room temperature and the optical density of lysates was measured at 570 nm. The changes in the number of cycling cells were studied by 5-BrdU incorporation. 5-BrdU (Sigma, 10 À5 M) was added to the culture medium for 3 h. Then, cells were washed with PBS twice and fixed with cold 70% ethanol for 10 min. After treatment with 0.1% Triton X-100, PBS solution (5 min) and 4 N HCl (10 min) at room temperature, the cells were washed with PBS and incubated with anti-BrdU monoclonal antibody (Sigma), and then with TRITC-conjugated anti-mouse IgG (Sigma). For total cell counting, 10 mg/ml Hoechst 33342 was added to the secondary antibody solution.
Analysis of G0/G1-to-S transition
The function of G1 cell cycle checkpoint was studied using the previously described method (Agapova et al., 1999) . Briefly, the cell cultures were synchronized in G0/G1 by incubation in a serum-free medium for 72 h. Re-entry into the cell cycle was initiated by the addition of the medium containing 10% FCS. After 1 h, chrysotile (1-10 mg/cm 2 ) was added to the culture medium. The ability of cells to enter S phase was studied by the analysis of 5-BrdU incorporation. For this purpose, 12 h after beginning of incubation with chrysotile, 5-BrdU (10 À5 M) was added to the culture medium for 4 h. 5-BrdU incorporation was studied as described above.
Cell death analysis
The percentage of dead cells was determined by counting trypan blue-(Sigma) stained dead cells against total cells in a hemacytometer. Trypsinized cells were incubated with 0.1% trypan blue PBS solution for 5 min at room temperature. Apoptotic cells were detected by two methods: visual control of Hoechst 33342-stained nuclei in methanol fixed cells using fluorescence microscopy and detection of sub-G1 fraction by FACScan analysis performed by routine procedure. In brief, cells were trypsinized, fixed with cold 70% ethanol for 1 h and incubated in the solution containing 50 mg/ml of propidium iodide and 100 mg/ml of RNAse A. Analysis was performed using a Becton-Dickinson FACScan and Cellfit (BectonDickinson) software.
Northern blotting analysis
Total cellular RNA was extracted using the TRIZOL reagent (GibCo) according to the manufacturer's instructions. Northern blotting analysis was carried out using 20 mg of RNA for separation by electrophoresis in 1.2% agarose-formaldehyde gels. RNA was transferred onto positively charged nylon membranes (Hybond N þ , Amersham) by capillary action in 20 Â SSC buffer (3 M NaCl, 0.3 M tri-sodium-citrate-dihydrate, pH 7.0) and UV crosslinked. Prehybridization was carried out at 421C in 5Â SSPE, 40% formamide, 5 Â Denhardt's solution and 0.1 mg/ml denatured salmon sperm DNA for 2 h. Hybridization was performed at 421C for 24 h in the presence of either 32 P-labeled waf1 or gapdh gene probes that were labeled with Megaprime DNA labeling System (Amersham) as described in the manufacturer's protocol. The filters were washed twice with 1 Â SSC/0.1% SDS solution at room temperature for 20 min, twice at 2 Â SSC/0.1% SDS solution at 551C for 30 min and then was exposed to KODAK X-O Mat X-ray films at À801C for 72 h.
Western blot analysis of protein expression
The contents of p53, p21
Cip1/Waf1 and Mdm2 proteins were determined using the antibodies to p53 (83830722; Boehringer), p21
Cip1/Waf1 (F-5; sc-6246 Santa Cruz) and Mdm2 (H-221: sc-7918 Santa Cruz) by the previously described procedure (Sablina et al., 2001 (Sablina et al., , 2003 . The filters were developed by ECL chemiluminescence reagents (Dupont NEN) according to the manufacturer's protocol.
